ABSTRACT Sustainable electrification planning for remote locations especially in developing countries is very complex in nature while considering different traits such as social, economic, technical, and environmental. To address these issues related to current energy needs depending upon the end user requirements, a coherent, translucent, efficient, and rational energy planning framework has to be identified. This paper presents a comprehensive generalized methodological framework based on the synergies of decision analysis and optimization models for the design of a reliable, robust, and economic microgrid system based on locally available resources for rural communities in developing nations. The framework consists of three different stages. First, decision analysis considering various criterions (technical, social, economic, and environmental) for the selection of suitable energy alternative for designing the microgrid considering multiple scenarios are carried out. Second, the optimal sizing of the various energy resources in different microgrid structures is illustrated. Third, hybrid decision analysis methods are used for selection of the best sustainable microgrid energy system. Finally, the framework presented is then utilized for the design of a sustainable rural microgrid for a remote community located in the Himalayas in India to illustrate its effectiveness. The results obtained show that decision analysis tools provide a real-time solution for rural electrification by binding the synergy between various criteria considering different scenarios. The feasibility analysis using proposed multiyear scalable approach shows its competence not only in determining the suitable size of the microgrid, but also by reducing the net present cost and the cost of electricity significantly.
I. INTRODUCTION
According to International Energy Agency (IEA), over 16% (1186 million) of the global inhabitants do not have access to electricity. Around 53.28 % (632 millions) of which are being located in Sub-Saharan Africa with an electrification rate of 35 % (urban 63 %, rural 19 %) and 20.60 % (244 million) are in India with an electrification rate of 81% (urban 96 %, rural 74 %) [1], [2] . Moreover, over 37 % (2.7 billion) people globally rely on unclean traditional energy sources (kerosene, charcoal, biomass, dung cakes, firewood, husk, solidified crop waste, etc.) to meet their primary energy needs of lighting, cooking and heating etc. which has a significant impact on the environment as well as their health [3] - [5] . Approximately, four million people die each year in developing nations due to the inept burning of solid fuels in ineffectively ventilated houses mostly women and children from respiratory diseases, cardiovascular diseases, cancer, burns and poisoning [6] , [7] . More than 80 % of these inhabitants are concentrated in the rural and remote areas with no access to clean energy [2] , [4] , [8] - [13] . In India itself VOLUME 6, 2018 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ till April 2015 approximately, 18452 un-electrified villages existed out of which 14326 villages have been electrified till August 2017. Still, 3139 villages need to be electrified by 2017 as the target set by Rural Electrification Corporation (REC), Ministry of Power, Government of India [14] . Energy demands are projected to grow in developing countries especially in Sub-Saharan Africa by 2040 due to large population growth [2] . Also, in the case of Asia specifically India and China; the energy demand growth is projected to rise mainly due to their overall development goals such as infrastructure and industrial development, transportation, commercialization, agricultural production, etc. Surplus energy is the main key to help India and China to achieve their development goals [1], [2] . Globally, 48 % rise in energy demand is expected by 2040 most of which is going to occur in non-OCED (Organization for Economic Cooperation and Development) nations with strong and long-term economic growth such as India and China [15] , [16] . Despite a great achievement to become 100 % electrified nation by 2015, China still struggles to provide a solution for clean energy to cook and better sanitation to around one-third of its people in rural areas showing a disconnect which may occur between rising income, better electricity access, and clean cooking facilities [2] , [17] . There seems to be a very tough challenge technically, socially, economically and environmentally for the fast-growing economies of the World to provide a qualitybased and affordable modern energy to its people. Although nuclear energy has great potential to generate vast amounts of power, there is a significant question mark in its economic and environmental sustainability [18] . Use of green renewable energy resources can not only play a major role in the development of emerging economies, but it can also help to eradicate the issues associated with global poverty, surplus food production, public health improvement, education and better sanitation [7] , [18] - [21] . Universal access to modern energy needs with a perspective of sustainability can only be achieved by having improved and efficient use of sustainable rural electrification.
Sustainable rural electrification due to the inclusion of various stakeholders has become very complex in nature. A proper and efficient planning methodology is needed for successful implementation of rural electrification based on locally available renewable energy sources. Herington et al. [22] have presented a critical review of literature published over 35 years to explore the various models, practices, and progress made in the context of rural energy planning in both developed and developing economies. The authors strongly point out the flaw by energy planner for not providing necessary attention to include the social and political factors while designing energy systems. With respect to the developing world, various business models and barriers related to private sector participation in microgrid based rural electrification projects have been discussed in [23] . Palit and Bandyopadhyay [24] have provided a comparative analysis considering the role of grid and offgrid system for rural electrification purposes in South Asia based on their function, cost of supply, socio-economic benefits, technical challenges and their impacts locally. Palit and Bandyopadhyay [24] pointed out clearly that rural electrification projects are complex in nature and a balanced approach based on demand and supply side management should be followed to harness locally available renewable energy sources with a sustainable approach. The existence of unreliable grids in developing nations such as in East Africa is one of the major factors to justify the use of off-grid centralized energy systems [16] , [25] . Even grid or off-grid based project is solely not dependent on technologies but also the government policies. Hence, a proper synergy between all the stakeholders must be followed for successful implementation of the electrification project [24] . Rojas-Zerpa and Yusta [26] have examined various mathematical models and technologies present in literature being used for electrification planning for remote localities in decentralized configurations. The energy supply system is a multidimensional mathematical problem with multiple criteria and multiple objectives in nature [27] , [28] . A specific indication regarding the advantages and applications of multicriteria decision-making models (MCDM) in energy alternative selection or the configuration of the energy system (centralized/decentralized) has been pointed out [26] . Proper attention to the end user and its significance in the success of energy projects for remote locations based on local values has been made by Hirmer and Cruickshank [29] . A theoretical framework to improve electricity access in developing nations using a mini-grid /micro-grid in isolated configuration is shown in [8] , [30] , and [31] . Using MCDM and goal programming (GP) techniques, a sustainable planning methodology for Gulf countries has been outlined in [32] . A global model for rural electrification to improve the household electricity needs in developing countries is presented in [33] . The global application model is based on econometric analysis firstly to determine the rate of electrification and secondly the cost involved. Various policies, models, and frameworks have been reported in the literature in context to rural energy planning over the years [4] , [5] , [8] , [22] , [24] , [26] , [33] - [42] .
In most of the rural energy planning methods available, environmental and social considerations have been poorly explored or neglected, due to which many project failures have been reported in the literature [3] , [4] , [17] , [19] , [28] , [29] , [43] . Even with the existence of many government initiatives and schemes for rural electrification in developing countries, the energy needs of people cannot be met as the majority of the schemes are more concerned about the numbers than real benefits [44] . A detailed techno-financial design of electrification projects in rural and remote location to determine the cost-effective and reliable energy system is reported in [35] and [45] - [70] . In the literature, following main problems remain which must be addressed to obtain a robust, reliable and cost-effective energy system with a perspective of sustainable development [4] , [8] , [19] , [23] - [26] , [30] , [34] , [36] , [44] , [54] , [55] , [71] - [78] : i) Ignorance of socio-cultural aspects causing failures to the energy projects. ii) Negligence of user values while energy planning. iii) Biased and random selection of energy alternative and configurations for project design and analysis. iv) No account of yearly electrical load growth while developing the power system thus leading to a huge error in the calculation of various involved costs. v) No use of benchmark costs from the government regulated organizations for the cost analysis. Most of the studies completely ignore the land cost, civil work cost, labor cost, etc. Keeping all the above problems and recommendations laid down in the literature by various scholars, a detailed and comprehensive methodological framework combining decision analysis and optimization tool considering a yearly load growth approach to develop a sustainable rural microgrid is presented in this paper. The framework presented is simple in nature and can be implemented for rural electrification purposes for developing nations. The paper is organized as follows. Section II provides the detailed description of the proposed methodological framework. Section III illustrates the effectiveness of the proposed framework with a case study taken from a remote village in the Himalayas along with the detailed results. Section IV finally concludes the paper. Figure 1 illustrates the proposed generalized framework for designing a sustainable rural microgrid for developing nations. The methodological framework consists of four different stages as shown in Figure 1 . Stage-1 is the preliminary stage dealing with the selection of energy alternatives by utilizing the decision analysis tools. Once the preliminary set of energy alternative solutions are obtained, load growth projections will be carried out in stage-2 followed by the costeffective sizing of various components considering different microgrid architectures at stage-3 respectively. A number of microgrid solutions will be obtained after the stage-3 having different cost and size. Finally at stage-4 by utilizing the decision analysis tools, the ranking of the microgrid solutions will be done which provides a set of solutions which are judgmental and depending upon the views of decision makers/ experts the final selection can be made. Mostly, the framework developed is user-friendly, and this iterates a practical preliminary design. The detailed explanation of the methodology as illustrated in Figure 1 has been provided in the following sub-sections.
II. METHODOLOGICAL ASPECTS

A. STAGE-1: SELECTION OF ENERGY ALTERNATIVES USING DECISION ANALYSIS TOOLS (FIGURE 1 AT STAGE-1)
It has been already outlined in the introduction section I that sustainable rural electrification is a multidimensional problem with multiple objectives and many traits [26] . The involvement of multiple stakeholders, benchmarks, and the inclusion of more green renewable sources in rural electrification system has made the design process more difficult [28] , [43] . Various MCDM models have been used for energy planning for electrification purpose to attain sustainability. A recent detailed review of such models and along with their application has been illustrated by authors in [28] and [79] - [91] . Figure 2 shows the process of selection of energy alternatives using multi-criteria decision analysis (MCDA) tools.
At first, the survey of the target location is carried out to collect the various data (load demand, local energy resources, socio-economic profile, grid data, etc.). Depending upon the locally available resources and with the help of expert advice (academicians, industrialist, practitioner, government organization, project investors, NGOs, etc.), a possible list of energy alternatives considering single or multiple resources in the isolated or grid connected system is then generated for further evaluation. Also, suitable indicators for evaluating the alternatives depending upon the availability of data, expert advice, and available literature in context to rural electrification [3] , [92] - [96] has to be carried out.
Using commercially available software packages based on decision analysis tools such as Triptych or Expert Choice [28] or MCDA technique such as analytical hierarchical process (AHP), the criteria weights could be determined. A detailed review of available software tools based on MCDA has been outlined in [28] . Based on the available data collected and nature of problems along with practical consideration appropriate decision analysis method needs to be selected for further evaluation to rank the energy alternatives as stated in [43] and [88] - [91] . For evaluating the FIGURE 2. Illustration of process for preliminary selection and sustainable assessment of energy alternatives (source: author [43] with permission from the publisher).
alternatives on the defined performance indicators help from experts as well as various reports from government regulating authorities should be referred. The results obtained after the process as illustrated in Figure 2 , will generate a set of solutions having different final weights and depending upon those the alternatives can be ranked. The set of outputs obtained are judgmental in nature, and by considering the expert advice (the government entities, project planners, engineers, etc.) familiar with the target locality either single or, multiple solutions should be considered for further analysis. In some instances, if the solution obtained is not realistic or satisfactory, the whole process can be repeated which will yield a different set of solutions with different weights depending upon the selected criteria's. The detailed explanation of the overall process for selection of energy alternatives as shown in Figure 2 with the aim of sustainability has been illustrated by Kumar et al. [43] . Also, the selection process is illustrated in this work with a case study detailed in sub-section III.B.
B. STAGE-2: LOAD GROWTH PROJECTIONS (FIGURE 1 AT STAGE -2)
Energy planning without considering future demand forecast may lead to subsequent project failures. Only a handful of studies exist in the literature that accounts for the yearly load growth [97] . Most of the works available in academic outcomes have used the current loads and have performed the design and analysis of the energy system over the project lifetime [35] , [45] , [46] , [49] - [52] , [55] , [56] , [98] - [106] . In such scenarios, the system will be not able to supply the demand not only causing technical issues but also financial errors leading to project failures [97] . A large number of methods and models have been reported in the literature to forecast the annual energy demand. Few of the models present in previous scholar works are simple in nature such as growth rate model using simple indicators, trend analysis models, etc. and some complex advanced models such as econometric models, engineering-economic models, etc. [41] , [107] . For electrical load demand forecast, some sophisticated and complex models based on the soft computing techniques have been reported in [108] . Kandila et al. [109] have outlined several models such as qualitative, quarantine, time-series, stochastic, etc. for long term load projections. Akinyele and Rayudu [97] have used a 1% annual load growth to evaluate a solar photovoltaic (PV) based power system for a remote community in Nigeria considering the load growth based on the increase in the user demand data due to increase in the number of houses. However, when these models are applied at the disintegrated and remote levels, usages of such models can make things more complicated. However, simple approach as outlined by Bhattacharyya [41] can be utilized for electrical load projections for the design of energy systems for rural communities which is given in equation (1):
where, D t = Electrical Load demand in year t; D 0 = Electrical load demand in a year of the base year i.e. the current load; g = assumed growth rate; t = time in years.
The assumed growth rate can be derived using historical electrical load data available or can be derived using the increase in a number of consumers and rise in the economics of the targeted community as both are directly related to the demand growth [41] - [43] , [97] , [110] . Sometimes the availability and the quality of the historical data is also an issue, in such cases expert advice for considering the growth rate can be taken.
C. STAGE-3: DETAILED TECHNO-FINANCIAL ANALYSIS OF ENERGY SYSTEM (FIGURE 1 AT STAGE-3)
To avoid the energy project failures caused mostly due to improper sizing of the various components of the power system and for efficient utilization of renewable energy technologies (RETs), detailed technical as well as financial analysis is mandatory. Economic analysis is beneficial in determining the various costs involved such as capital, operation, and maintenance (O & M), cost of electricity (COE), etc. which are very necessary to attract the possible investors for the energy project. Due to increase in the complexity of energy planning, optimization methods have evolved from single objective to multiple objective optimizations and also to software packages. Single objective optimization based financial analysis for a hybrid energy system based on RETs for a local community is reported in [111] .
Authors in [112] - [121] have provided an in-depth review of various optimization methods and computer tools for detailed technical and economic analysis applicable to RETs based sustainable energy projects. Sinha and Chandel [122] have presented a critical study regarding 19 software packages such as HOMER, Hybrid2, RET Screen, iHOGA, INSEL, TRNSYS, iGRHYSO, etc. utilized for the sizing and economic analysis of energy systems based on RETs. The use of such software tools has made the techno-economic analysis very simple and yet very useful. Recently, HOMER (Hybrid Optimization of Multiple Energy Resources) has gained much popularity for costefficient and reliable microgrid design based on RETs. Many studies have been reported in the literature based on the use of HOMER for the development of microgrids for the rural locations [35] , [50] - [52] , [59] - [70] , [102] - [104] , [106] . So, depending upon one's feasibility and on the counsel of experts, any of the optimization methods and models or software tools outlined in [58] , [112] - [115] , and [122] - [126] can be used for the full cost-effective sizing of the energy system. The specific details regarding the various architecture, RETs, and storage options being utilized in the design of rural microgrid has been reported in [127] - [130] .
Many times the sizing of the components is big if considering a yearly load growth and so the upfront cost also becomes higher. So to efficiently utilize the RET's and other components and to avoid over or under sizing of the system, a very simple approach is presented in this study. The proposed method can be utilized to perform the techno-financial analysis using any of the optimization models [112] - [115] , [118] - [120] or software tools already mentioned. The proposed multiyear scalable approach for carrying out techno-financial analysis is shown in Figure 3 and its detailed explanation is given below:
Phase 1 (Electrical Load Demand Calculations): Calculate the electrical load demand on a yearly basis using Equation 1 (sub-section II.B.) for all the years till the assumed project lifetime.
Phase 2 (Selection of Energy Alternatives): Choose the various energy alternatives using the methodology illustrated in sub-section II.A, Figure 2 .
Phase 3 (Selection of Microgrid Architecture): Depending upon the expert advice (mainly from the government or private power generation, transmission, and distribution organization) and based on available literature decide suitable microgrid architectures for further analysis [127] , [128] , [130] , [131] . Different microgrid architectures considered in this study for implementation of the methodology is shown in Appendix.
Phase 4 (Approximation of System Size): Using the projected electrical load data of the final year, calculate the approximate size of the system which should be able to satisfy the demand growth of all years. Note down the sizes of the various components. 
Phase 5 (Classification of System Elements):
Classify the different elements of energy system such as RETs, conventional generators (diesel generator), converters and storage technologies, into fixed and scalable type. Fixed type elements are those whose size and capacity has to be kept same over the project lifetime such as photovoltaics (PV), converters, etc. and scalable are those depending upon the increase in load demand can be upgraded such as small wind turbines, batteries, diesel generators, etc.
Phase 6 (Optimal Sizing and Cost Calculations Using Base Year Load):
Using any of the optimization methods or models or software tool described above [112] - [114] , [118] - [123] , calculate the optimal sizing of the energy system using the total connected load of the initial or base year (1st year). This optimal energy system should be able to satisfy the current load demand as well as the demand of at least upcoming two more years. All the costings such as net present cost (NPC), capital cost (CC), operation and maintenance cost (O & M) and cost of electricity (COE) should be calculated for each year. During the next two years (excluding the initial year), the system will not be upgraded so the capital cost should be zero. However, the NPC, O & M cost and COE should be calculated on a yearly basis.
Phase 7 (Size Upgrade of Scalable Elements):
Upgrade the size of scalable elements for the 4th year in such a way that system should be able to satisfy the load demand of the 4 th year and coming next two years. Calculate the cost as mentioned in phase 6. The system size is upgraded in a step size of 2 years only excluding the year in which the system size is being upgraded. Whenever the system will be upgraded it should be able to meet the demand of the year in which the upgrade is done and for upcoming two more years. For example, if the system is designed using load data of the year 2015 (base year), it should be able to satisfy the increasing load demand minimum till 2017 (step size is two years excluding the base year). The system should be upgraded in the year 2018 (4th year) in such a manner that it should be able to satisfy the growing load demand of the year 2018 and for a minimum of two more coming years (till 2020) and so on.
Phase 8 (Total System Cost Calculations):
Final costing of the energy system is calculated using the following equations:
If x n = total project lifetime in years, x n = 1 = initial or base year. Then, Total capital cost (CC total ) of the system,
Total net present cost (NPC total ) of the system,
Total cost of electricity (COE total )
D. STAGE-4: APPLICATION OF DECISION ANALYSIS TOOLS FOR FINAL PROJECT SELECTION (FIGURE 1 AT STAGE -4)
Once the detailed techno-financial analysis of the energy system considering different architectures is completed, then decision analysis tool should be utilized to determine the optimal robust, reliable and cost-effective system. Depending on the available data obtained from techno-economic analysis and expert views, the appropriate methods as well criteria should be used for the analysis. There are several MCDM models available which can be broadly classified into value measurement, goal reference model, utility-based model and outranking models [28] . The authors in [28] , [88] - [90] , and [132] have presented a detailed analysis of various MCDM models utilized in renewable energy planning with a way for their selection. However, all of them agreed that no MCDM model or techniques could be ranked best or worst as every MCDM models have their own strength and weakness as explained by various scholars [28] , [43] , [88] - [91] , [132] , [133] . The selection of appropriate decision analysis method is made mostly by the objective of the problem, the availability of data, the key performance indices for evaluation, practical consideration in view of the problem etc. and sometimes with expert advice [28] , [88] - [90] , [132] . Usually, the data obtained after techno-financial analysis are quantities with incommensurate units. For such type of problems hybrid MCDM models such as Technique for Order Preference by Similarity to Ideal Solutions (TOPSIS) method in conjunction with other MCDM methods such as analytical hierarchy process (AHP), sum weighted method (SWM), additive ratio assessment (ARAS), fuzzy logic, etc. can be applied for final energy project selection. Rich literature is available on the usages of such integrated models in energy planning [79] , [80] , [85] - [87] , [134] - [144] . The comprehensive framework described in previous section II is utilized to design a rural microgrid for a remote village in the Himalayas in the following section.
III. CASE STUDY: IMPLEMENTATION OF THE FRAMEWORK
The village taken up for the case study is located in North-Eastern region of India. The village, Leporiang is a small Tehsil in Papum Pare, India located at 27.12 • N 93.2 • E with an average elevation of 1089 M [110] , [111] .
A primary technical and financial study of the village has been reported by the authors in [110] and [111] . In [110] , a detailed survey for preliminary analysis of the Leporiang village was carried out to generate an approximate load and energy demand profile based on the data collected in February 2014. Also, a hybrid microgrid based on the combination of solar photovoltaic (PV), wind turbine (WT), hydro, diesel generator (DG) and battery to electrify the village was also illustrated. However, the study [110] only concentrated towards the technical evaluation of the microgrid design and no analysis was presented based on social, environmental and economic factors. Feasibility analysis of the microgrid based on PV, WT, DG, and battery using a linear optimization method for minimizing the cost by using various sizes of battery storage using only the domestic load of the village was outlined in [111] . In this present case study, the detailed framework as illustrated in detail in section II will be utilized to design the microgrid considering technical, economic, social and environmental aspects which are being presented in the following sub-sections. 
A. DATA COLLECTION FROM TARGET SITE (SEC. II.A STAGE-1 DESIGN)
Individual interviews and interactions were carried out with a particular set of questions to understand the electrical demand as well as the socio-economic and environmental characteristics of the community [43] , [110] , [111] . Many group meetings and workshops with the village elders/decision making leaders along with the community inhabitants were carried out regularly to educate and motivate them positively with the welfare of the villagers upon successful completion of the project [43] , [110] . Details of the electrical load demand, income, population, etc. generated from the data collected after the surveys is shown in Table 1 . The recent development of National Highways giving much better road connectivity to the nearest town and markets has helped the overall economic development of the village [43] . Due to the rise in income, the local people have bought many new electrical appliances specifically television, refrigerator and water heater, etc. which has led to the abrupt increase in the electrical load demand in a period of just 18 months particularly in domestic load profile as illustrated Table 1 .
B. SELECTION OF PERFORMANCE INDICATORS/CRITERIA AND ENERGY ALTERNATIVES (SEC. II.A STAGE-1 DESIGN)
The data collected in Table 1 is presented to the experts from industry, academics, government organization, and non-government organizations working in the field of rural electrification projects for their counsel to categorize the alternatives and the criterion for evaluation [43] . Identification of criteria for evaluation is essential and needs a very composed approach. As observed from Table 1 , the load demand suddenly increased in a period of 18 months only, so the experts advised to include scalability as one of the criteria for evaluation of the alternatives. So, the alternative and criteria selection must be made in a clear-cut way keeping the interest of all the actors involved in the project [28] , [43] , [81] - [87] . The selection of alternatives and criteria as deliberated in Table 2 and Table 3 is based on the process as illustrated in stage −1, Figure 2 of sub-section II.A. 12 alternatives to be evaluated on 4 criteria and 18 sub-criteria's were taken as shown in Tables 2 and 3 respectively as detailed by Kumar et al. [43] . 
C. APPLICATION OF MCDA TOOLS FOR EVALUATION (SEC. II.A STAGE-1 DESIGN)
AHP tool is adapted for the selection of suitable alternatives. AHP can handle quantifiable and subjective criteria, and its approach is very simple, flexible and efficient [90] . It also allows one to check the consistency of the decision taken. AHP was proposed by Saaty and Vargas [145] . The details regarding the implementation of AHP method is illustrated with the help of a flowchart shown in Figure 4 and its detailed explanation to find criteria weights and rank the alternatives is described below [145] - [155] :
Step 1 (Decision Problem Decomposition Into a Hierarchical Structure):
• Structure the decision problem in to a hierarchical model as illustrated in Figure 5 .
• As illustrated in Fig. the problem can be decomposed in to different levels comprising of main objective (goal), criteria/sub-criteria and alternatives. Step 2 (Construction of Judgmental Matrix):
• A judgmental matrix (Aj) by performing pairwise comparison, is framed based on available quantitative or qualitative data. Application of verbal judgments of the decision-maker is mainly utilized for qualitative data based on a pre-defined scale as shown in Table 4 given by Saaty.
• The pairwise comparison has to be performed between the element in row gand column h of Aj (called a gh ) which specifies how much more important or strong g is than h based on speciafied criteria/alternatives. Rules for constructing the judgmental matrix using pairwise comparison: 1. If n = total number of criteria/sub-criteria defined, then a judgmental matrix (Aj) of n × n has to be formed. 2. If a gh = α, then a hg = 1/α where, α = the constant value
(1-9, from Table 4 ). 3. If g is found to be of equal importance as h, then a gh = a hg = 1 and a gg = 1 for all g. 
Step 3 From eq. (6), sum of the elements of column h 1 , h 2 , h 3 . . . . . . ..h n can be given as, 
S n(sum
So, the nomalized matrix can be dervied as (11) , as shown at the bottom of this page. The sum of all the entries in each of the coulumn of normalized matrix A nrmlz is always unity.
2) COMPUTE WEIGHTS OF CRITERIA
To determine the weights (W s ) from A j , which indicates the weight that each criteria is given in the pairwise comparison matrix, the average of the entries in row i of A nrmlz , [see (12) , as shown at the bottom of this page].
3) CALCULATE MAXIMUM EIGEN VALUE (λ max ) AND CONSISTENCY INDEX (CI)
Once the criteria weights are determined, calculate the maximum eigenvalue (λ max )using following equation,
where, A j = initial judgmental matrix (W s ) T = Transpose of criteria weights Using the calculated λ max values to find out the consistency index for n number of criteria (CI n ) as follows,
Lower calculated value of CI n signifies minimal deviations from the consistency in making the pairwise comparison by decision makers and the determined weights are useful enough with respect to the primary objective.
4) DETERMINE CONSISTENCY RATIO (CR) AND CHECK FOR DEGREE OF CONSISTENCY
Consistency ratio is calculated by taking a ratio between CI n to the random index (RI n ). The RI n is a constant which has an individual values based on the value of n as shown in Table 5 below.
• Alonso and Lamata [156] has deliberated different values of the random index (RI n ) for calculation of consistency ratio (CR) when the value of n (criteria) is more than 15 due to which more number of criteria can be accommodated for evaluation using AHP method in the same framework.
• The degree of consistency is only acceptable if the value of CR < 0.10. However, if the CR > 0.10, then very 
serious discrepancies exists and the AHP does not yield any significant results.
• So, at any instance if the inconsistent solutions are obtained while calculating the weightage based on AHP then steps from 1 to 3 should be repeated until the degree of consistency is satisfactory.
Step 4 (Finding the Score of Each Alternative for Each Criterion):
• If, m = total number of alternatives, then the alternative judgmental matrix (Al jdm ) of m × m has to be formed following similar procedure as specified in step 2 to formulate the alterative matrix on each defined criteria/ sub-criteria.
• For example, if the number of defined criteria is 5 then all the alternatives have to be evaluated on 5 defined criteria. In other words, depending upon the number of criteria's that many number of alternative matrix has to be formed.
• Following the step 3, determine the initial priority or relative weight score of alternatives (W m ) on each defined criteria maintaining the degree of consistency. Due to the development of new programming tools such as MATLAB, it has become much easier and possible to accommodate more number of criteria in AHP framework in a very efficient and easy manner as compared to the manual determination of criteria weights. In order to get a more realistic solution author in [28] has specifically pointed out to carry out the evaluation of alternatives in preliminary selection based on multiple scenarios by prioritizing the criteria's. In this study depending upon the expert advice four scenarios were considered by prioritizing different criteria as follows: [43] .
3 rd Scenario-Social > Technical > Economic > Environmental [43] .
In the first scenario as specified above the environmental criteria has the utmost priority followed by social, technical and economic criteria. The preliminary judgmental matrix for the criteria's is acquired using Satty scale [145] and their criteria weights (W s ) are obtained following the method illustrated in Figure 4 [28], [43] , [145] - [155] . Table 6 shows the criteria weights (W s ) obtained in view of 1 st scenario. In the first scenario, the sum of the criteria weights (W s ) of the environmental criteria (namely PE, noise and LU) is 0.5644 which is highest followed by social (0.1749), technical (0.1462) and economic (0.1125) criteria's which is also shown in Figure 6 . Similarly, for the other three scenarios the criteria weights (W s ) are determined, and their judgmental matrix along with W s are illustrated in the supplementary material (Section A, Table A .1-A.3) . Figure 6 illustrates the sum of relative weights of criteria (W s ) with different scenarios. Following the process as illustrated in Figure 4 [28] [43] , [145] - [155] , the alternatives will be evaluated based on the total of 20 criteria's as outlined in Table 3 . Table 7 illustrates the preliminary alternative judgmental matrix along with its relative weight (W m ) when evaluated on one of the social criteria namely public acceptance (PA).
A total of 20 alternative judgmental matrices is constructed, and the relative weights of alternatives on each criteria's are determined. Finally a relative weight matrix (FW m×n ) of alternatives x criteria in this case a 12 x 20 RWM is obtained. The final scores are then calculated for the alternatives by multiplying the alternative relative weight matrix (FW m×n ) by the criteria weights (W s ) for different scenarios. As each scenario has different criteria weights, the final scores obtained will be different for the alternatives in different scenarios. The final ranking is then done solely on the scores obtained. The alternatives with the highest score is ranked first and so on. Table 8 shows the final results of the alternatives based on all the scenario.
As illustrated in Table 8 , PVWDG has the highest score in all the scenarios in isolated mode followed by PVW. In gridconnected mode, also PVWDG and PVW are the best two in all scenarios followed by WDG and PVDG. When overall ranking is seen, PVWDG (grid connected) has the top rank followed by PVW (grid connected) and PVWDG (isolated) in all the scenarios. Even though the rankings of the alternatives seems to be same in all the scenarios but the final score varies. Final results from the preliminary selection of the alternatives are thus obtained which are presented to the experts and stakeholder for their views, and then further analysis is carried out. 
D. LOAD GROWTH PROJECTIONS (SEC.II.B, STAGE-2 DESIGN)
As explained in sub-sections II.B and III.A, the growing economic condition and infrastructural development are some of the causes to raise the electrical load, in particular for the rural location. Even at such disintegrated levels, the growth in gross domestic product (GDP) rate has direct effects on the overall development of the region and thus leading to rise in the energy demand [1], [9] , [11] , [28] , [157] , [158] . According to World Bank [157] , India's GDP rate in 2015 was 7.6 % and is expected to rise to 7.9 % by 2018. So, considering all the facts and with prior discussion with possible project investors and technical experts, a growth rate of 7.9 % is used for projecting the load demand using equation (1).
E. TECHNO-FINANCIAL ANALYSIS (SEC.II.C, STAGE-3 DESIGN)
Out of 12 energy alternatives, a total of best six choices (two from isolated and four from grid connected mode) are selected for techno-financial analysis. Alternatives highlighted in bold in Table 8 are taken up for the investigation with different microgrid architectures.
1) SYSTEM COMPONENTS PARAMETERS FOR SIMULATION
As already mentioned in the previous sub-section (III.C) the power system contains following elements along with various key parameters used for analysis whose specific details are as follows is chosen. The capital cost includes the cost of, ''the module, civil and general works, mounting structures, power conditioning unit, land, evacuation, preliminary and pre-operative expenses'' as recommended by central electricity regulatory commission (CERC), Government of India [159] . The general output electrical power (P PVT ) generated by the PV array system can be calculated using following equations [161] :
Where, R cpv is the rated power output of the PV array module under standard testing condition (STC) in kW. f pv is derating factor of the PV (%). G PVM is amount of solar isolation incident of the module in current time step (kW/m 2 ). G STC is the incident radiation at STC (kW/m 2 ). α p is module temperature coefficient of power (%/ [154] , [155] . The details regarding wind turbine characteristics can be found at [161] - [163] . The power generated (P WT ) from wind turbine is given as
Where, ρ is air density (kg/m 3 ). A is area swept by the wind turbine blades. v is the wind velocity (m/s) at hub height. C p is power coefficient. The power curve of wind turbine is based on manufacture datasheet [162] , [163] is shown in Figure 7 . [162] , [163] .
analysis [49] , [160] , [164] . The diesel generator total average efficiency in terms of generated electrical energy and heat for a year is given as [161] :
Where, m fuel is generator total annual fuel consumption (kg/yr), E gen is total annual electrical generation (kWh/yr), H gen is thermal energy (MJ), LHV fuel is lower heating value of fuel (MJ/kg), 3.6 is conversion factor for 1kWh=3.6 MJ. [160] , [161] , and [165] . The required battery capacity B cap (Ah) is given as [161] : (22) where, E L is load consumption (Ah), D A is battery autonomy, DOD max is maximum battery depth of discharge and η t is battery temperature correction factor. The charging or discharging of battery bank is difference of power generated and load at the time t is given as [161] ,
where, E B (t) and E B (t-1) are charge quantities at time t & (t-1), σ is hourly battery self-discharge rate, E G is total generated energy by renewable source, E Ld is load demand at time t, η inv and η B are inverter and battery charging efficiency. v) Converter (CONV): A 1 kW bidirectional converter with a capital cost of INR 10000 [49] , [154] , [155] , [157] . Current converter technology is free from any maintenance with higher life expectancy, the O & M cost is zero. vi) Grid: State Electricity Board, under Department of Power, Government of India supplies the electricity to the village at an approximate rate of INR 4.5/kWh. However, the supply is equipped with frequent outages and is highly unreliable. The distribution station is located very near to the village, and no proper data regarding the grid outages is present. Depending upon the inputs from the local people and study of the grid outage timings for approximately one month, the outage data is created to design the unreliable grid. The details regarding the grid outage is given in the supplementary material (section B, Table B .1). Due to unavailability of realtime sell back rates, a rate of INR 2.5/kWh is assumed as sell back rate to the grid. vii) Key analysis parameters for simulation: An inflammation rate of 5.71 %, a nominal discount factor of 10.70 %, project lifetime of 10 years and a system fixed the cost of INR 500000 is considered for the analysis [159] , [160] . The meteorological data are taken from the resource database of NASA [166] . viii) Microgrid Architectures: A total of 17 microgrid designs are framed for the analysis. Specific details are illustrated in Appendix (Table 16 ). The cost of suitable converters needed by energy sources for connecting to AC or DC bus has been already included in their capital cost. For carrying out the technical and financial analysis, an industry grade software HOMER PRO (commercial version) is used for the analysis. Recently, HOMER PRO has been included with a multiyear analysis tool which can include yearly load growth while designing energy system [161] . As mentioned earlier in sub-section II.C, a new multiyear scalable approach is proposed for the analysis. To show the effectiveness of the proposed method (which is carried out following the steps laid in sub-section II.C using HOMER software), a comparative analysis of the results obtained is carried out with the in-built multiyear approach of the HOMER.
2) ANALYSIS USING PROPOSED MULTIYEAR APPROACH
Utilizing the proposed methodology (sec.II.C, Figure 3 ) using various parameters values as specified in sub-section III.E.1, simulation is run for different architectures for the energy alternatives. Optimal sizing result of first energy alternative (PVW) in the first architecture (i) (as illustrated in Appendix, Table 16 ) is shown in Table 9 . As shown in Table 9 , the size of PV and converter are fixed for all the years. The energy system is scaled up two times in a period of 10 years of project lifetime.
The initial system can meet the load demand for three years excluding the starting year successfully. The first upgrade has to be done to meet the projected load demand of 2019 as highlighted in bold in Table 9 followed by a final update in 2022. In 2019, 25 wind turbines and 500 batteries are added to the existing system followed by addition of 500 more batteries in 2022. The wind turbine is upgraded only once, but the battery is updated twice as it is more economical and easy.
The various costs involved are calculated using HOMER software for individual years, and the same has been presented in Table 9 . The specific details how HOMER performs these calculations are detailed in its manual [161] . The final costs are calculated using equation (2) - (5) as given in sub-section II.C. The total CC of PVW in first microgrid 
3) ANALYSIS USING IN-BUILT MULTIYEAR APPROACH BY HOMER
Using exactly similar simulation parameters as specified in sub-section III.E.1, the multiyear growth based study with in-built option in HOMER is carried out. The optimal size and the cost specific details are given in Table 10 . The size and costs obtained using the in-built approach are more as compared to the proposed multiyear approach. The system configuration obtained from the in-built HOMER approach is same till the project lifetime (10 years for this case). However, in proposed approach, the system is upgraded depending upon the load demand.
4) COMPARATIVE ANALYSIS BETWEEN THE PROPOSED AND IN-BUILT MULTIYEAR APPROACH USING HOMER
The comparative cost illustration is depicted in Figure 8 (a-b) . As seen in Figure 8 (a) , CC, NPC, and O & M costs are less using the proposed approach as compared to the in-built approach. Especially the NPC of the system with proposed approach is very less as compared to in-built approach. The NPC and COE in the case of the proposed approach are relatively small as compared to in-built approach. The proposed scalable sizing method gives a lower system cost as compared to the in-built HOMER method hence resulting in a low-cost system. The small difference is there in CC, and O & M costs. The COE of the system is INR 30.44 in the case of the in-built method which is very high compared to INR 7.40 calculated using the proposed approach as can be seen in Figure 8 (b) .
As illustrated in Figure 9 (a), the load served profile are exactly similar for both the approaches. This shows clearly that, the size of PVW obtained from proposed multiyear method can also meet the growing load demand very effectively with lower cost as compared to the optimal size obtained from in-built multiyear HOMER approach. Figure 9 (b-e) shows the comparison of the system on electrical parameters (total electrical energy production, renewable fraction, PV energy production, and wind energy production and battery losses on a yearly basis) over the project lifetime of ten years (2015-2024).
As seen from the Figure 9 (a-e), the results from the proposed multiyear approach are almost similar to the in-built multiyear approach of HOMER. The proposed scalable system technical performance is as good as the in-built system. A slight variation in total electrical energy production can be observed in Figure 9 (b), which is due to oversizing in the case of in-built HOMER approach. The renewable fraction and PV energy production are also similar as shown in Figure 9 (c) & (d) . The electrical energy production from the wind turbine as shown in Figure 9 (e), slightly varies in case of the proposed approach till the year 2018 and then becomes similar from 2019. This variation is due to oversizing of the wind turbine in case of in-built approach from the year 2015 itself. However, in the case of the proposed approach, wind turbines are upgraded depending upon the load growth in 2019. The annual battery losses in case of the proposed approach are slightly more from 2015 to 2018 as due to less number of batteries as compared to in-built approach which has more number of batteries as illustrated in Figure 9 (f). However, the battery losses become almost similar from the year 2019 as illustrated in Figure 9 (f) which occurs due to the calculation and approximation performed by HOMER upon the upgradation of the number of batteries from 800 to 1300 in the year 2019 and 1800 in the year 2020 as shown in Table 9 . The total and individual electrical energy production from the RETs as shown in Figure 9 . (b), (d) and (e) is the sum of the electrical energy produced over the year. HOMER always takes into the account of 8760 hours (one year) to run the simulations and gives the results. The detailed explanation has been reported in several studies [45] , [50] - [53] , [55] , [56] , [99] - [101] , [105] . The PV mean output power is 162.13 kW with both the approaches as calculated by HOMER.
Also, the wind turbine (WT) mean power output is approximately 36.53 kW over the project lifetime using the in-built HOMER approach. With the proposed multiyear approach, WT mean output is 18.26 kW till 2018 and 36.53 kW from 2019 till project lifetime which increases due to upgradation of number of WTs from 25 (2015-18) to 50 (2019-24) as shown in Table 9 . So all the results show that the scalable system with the proposed multiyear approach can meet the yearly load demand with a minimum cost as compared to the system from the in-built multiyear approach. Similarly, all the other energy alternatives with specified microgrid architectures as shown in Table 16 are simulated using both the methods (proposed and in-built). The comparative graphical analysis of rest energy alternatives is illustrated in supplementary material (Section C).
5) FINAL OPTIMAL SIZING AND COSTING OF THE SYSTEM
Simulation is run using HOMER PRO, and following optimal size of various components for six energy systems using the 17 architecture as depicted in Table 16 (Appendix) are obtained by the proposed and in-built approach. It can be seen in Table 11 , except WDG other five options have six alternatives (3 with proposed sizing approach and 3 with in-built approach). In the case of the proposed sizing method, the final optimal size (2024) is only mentioned. An example of scalable proposed sizing approach has already been illustrated very clearly in the previous sub-section III.E.2 based on method presented in sub-section II.C.
Overall, PVW in centralized off-grid mode has the highest renewable fraction followed by PVWDG in both the approaches. WDG in grid connected mode has the lowest renewable portion. All the optimal system thus obtained from both the methods of the six energy systems are capable of meeting the current as well as future load demand very efficiently. The detailed cost summary of all the systems is depicted in Table 12. It can be observed from  Tables 11 and 12 , considering proposed and in-built approach that, there is a total of 34 alternatives (A1-A34). It is clearly explained in the previous sub-section III.E.4 with a comparative illustration of scientific results, that system obtained using the proposed approach is technically feasible as compared to the system obtained from the in-built multiyear approach. Even, the costing is much lesser in all the cases of the proposed system. All the six energy system with 34 alternatives are capable of meeting the increasing load demand. Now selecting the best energy system and alternatives (A1-A34) cannot be done in a simple manner by observing technical and economical results. For example, if the RF is considered then PVW in off-grid with alternatives (A1-A6) have the highest RF (100 %), and PVW in grid connected mode with alternative (A13) has the lowest COE (0.98 INR/kWh). So, to decide the best energy system and alternative without being biased, decision analysis tool should be used to determine the better set of solutions which is described in the next section.
F. FINAL PROJECT SELECTION USING HYBRID MCDM MODELS (SEC.II.D, STAGE-4 DESIGN)
All the data obtained from the previous analysis from sub-section.III.E is presented to the technical experts and VOLUME 6, 2018 decision makers for their views for deciding the critical indicators for final project selection. Upon the availability of data and counsel of experts, a total of 10 indicators are decided to evaluate the alternatives (A1-A34) and their classification based on the maximum or minimum values sought for alternatives is done as shown in Table 13 . Using a hybrid MCDM model as already explained in sub-section.II.D analysis is carried out. AHP in conjunction with TOPSIS is used. AHP method is used to determine the criteria/indicator weights. The detailed process of AHP has been already explained in sub-section III.C. The criteria comparison matrix and relative weights of criteria's (W s ) obtained after AHP analysis is given in Table 14 .
Once the weights of criteria are determined using AHP, then TOPSIS method is utilized as illustrated in the literature [134] - [144] . The TOPSIS method consists of the following steps.
Step
(Formulation of Initial Decision Matrix and Compute Normalized Matrix):
Formulate an initial decision matrix having a dimension of m × n (m = total number of alternatives and n = total number of criteria's).
Compute the normalized values to obtain the normalized matrix. The normalized value (nmv gh ) is given by,
Where f gh is the value of the g th criterion function for the alternative A h (h = 1, . . . , m; and g = 1, . . . , n).
Step (25) where, w s g = the weight of the criterion g such that,
Note: The criteria weights could be determined using MCDM models or tools as deliberated in [28] . In this study AHP method as illustrated in sub-section III.C is used to obtain the criteria weights (specific details in Table 14) .
(Obtaining the Solutions as Ideal and Negative-Ideal):
• At first classify the defined criteria in to two major groups in such a way that for one type the decision-maker wants to have maximum values (advantage or benefit) among the alternatives and for other the minimum values are better for alternatives.
• In this study, the criteria's EP, RF, BA are taken as benefit class for which maximum values among the alternatives are advantageous. (Details in Once criteria are classified, the ideal (A * ) and negative-ideal solutions (A − ) can be obtained as:
Where, G = Criteria's whose maximum values are sought (EP, RF and BA for this study).
G = criteria's associated with the minimum values (CC, NPC, O & M, COE, SD, BL and TEM).
(Computation of the Separation Measures for All the Alternatives):
Calculate the separation measures of all the alternatives using the ideal and negative ideal solutions obtained from the previous step.
From the ideal solution the separation measure (S * h ) of each alternative can be calculated as, Similarly, from the negative-ideal the separation measure (S − h ) is given as,
Step 5 (Determine the Relative Closeness to the Ideal Solution for Each Alternative): The relative closeness (C * h ) of the alternative to the ideal solution can be computed using following equation,
Note: The relative closeness value is between 0 and 1, with 0 being the worst possible and 1 the best possible solution.
Step 6 (Determine the Preference Order): Arrange all the alternatives based on the descending order of the relative closeness value (C * h ) and assign the ranking positions. The alternative having the first rank (maximum value) is proposed as best solution.
It is evident from the Table 15 (in bold highlighted), all the top best scores of the alternatives obtained are from the proposed multiyear approach which proves once again the effectiveness of the proposed scalable sizing method. Energy system PVW (grid connected) ranks the top position (1 st − 3 rd ) with microgrid architectures (vii-ix). The second energy system position (4 th − 6 th ) is taken by PVDG (grid connected) in microgrid architectures (x, xii, and xi) followed VOLUME 6, 2018 by PVWDG (off-grid connected) in microgrid architectures (v, vi and iv) respectively. So, a set of possible solutions is obtained based on the final scores.
All the possible solutions obtained are capable of fulfilling the load requirements of the target village in a particular microgrid architecture. As already outlined in section II, the solutions are judgmental in nature, and it should be presented to the group of experts and decision makers involved in the project to select the best option and architecture. Also, specific government regulated policies and financing outlook has to be considered before choosing one of the alternatives from the set of solutions obtained.
IV. CONCLUSIONS
This paper proposes a novel and simple framework for designing a rural sustainable microgrid for developing nations considering increasing load scenario. The framework also includes a new, simple yet very effective method for techno-financial analysis of the energy system. The proposed scalable multiyear load growth based techno-economic method is verified by comparing with the in-built multiyear approach of HOMER PRO and the results shows that the proposed approach is more efficient. The results obtained after implementation from the case study correctly points out the importance of considering not only technical and economic aspects but also social and environmental issues. When scenarios are considered, a set of solutions with the different scores for the same alternatives are obtained as observed in the results during the first level of decision making. By using the scalable approach presented in this work, the over and under sizing of the microgrids would be avoided and the cost will be reduced when yearly load growth is considered. The notions outlined in this work put forth a detailed and straightforward roadmap for rural electrification using sustainable microgrids utilizing local energy resources. The assessment illustrated in this work shows that the scientific procedures when employed to provide real-time evaluation considering real situations for rural electrification in an efficient manner would certainly avoid project failures. In future research work, the framework could be extended to the component level design, accommodating more number of scenarios, criteria and alternatives not only for rural locations at disintegrated levels but also for sustainable microgrid design for cities considering climatic variations.
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